
Our exquisite sensitivity to associative relationships in the envi-
ronment is demonstrated by an ability to evaluate their strength
with great accuracy and to adapt this evaluation rapidly in
response to unexpected occurrences1. This attribute has been
extensively studied behaviorally in humans2 but remains to be
characterized at the neurophysiological level. Associative learning
theory suggests that unpredictability—a discrepancy between a
predicted and an actual outcome—forms the basis for learning3.
This view, embodied in major current connectionist theories of
learning4,5 and validated at an electrophysiological level6,
accounts for a number of behavioral phenomena noted in asso-
ciative learning experiments1,7. It may be formulated in the rule
of Rescorla and Wagner8:

∆Vcue = αβ (λ−ΣV) (1)

Here, ∆Vcue denotes the change in associative strength of a
cue, which is modulated by two parameters: α , the learning
parameter associated with the cue, and β, the learning para-
meter associated with the outcome. The maximum associative
strength attainable is denoted by λ . ΣV is the associative
strength of all cues present on a particular trial. Put simply, the
change that a given cue–outcome pairing produces in the sub-
jective association is expressed as a function of an error signal
(λ – ΣV), which arises from the violation of an expectancy. The
learning process may be considered as the detection of a mis-
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Learning depends on surprise and is not engendered by predictable occurrences. In this functional
magnetic resonance imaging (fMRI) study of causal associative learning, we show that dorsolateral
prefrontal cortex (DLPFC) is associated specifically with the adjustment of inferential learning on the
basis of unpredictability. At the outset, when all associations were unpredictable, DLPFC activation
was maximal. This response attenuated with learning but, subsequently, activation here was evoked
by surprise violations of the learned association. Furthermore, the magnitude of DLPFC response to
a surprise event was sensitive to the relationship that had been learned and was predictive of subse-
quent behavioral change. In short, the physiological response properties of right DLPFC satisfied
specific predictions made by associative learning theory.

match between predictions and outcomes together with an
adjustment of expectancy on the basis of this mismatch. This
formulation generates predictions that are testable with func-
tional neuroimaging.

In this fMRI study of causal associative learning, we used a
trial-specific design9,10 to characterize brain responses to unpre-
dictable (maximal learning) events occurring relatively rarely
against a background of frequent, predictable (minimal learn-
ing) events. Subjects learned various associations between cues
(fictitious drugs) and outcomes (fictitious syndromes) (Fig. 1).
With learning established, brain responses to surprise events were
determined. Because different types of cue–outcome (drug–syn-
drome) relationships were learned (‘drug’ is followed by ‘syn-
drome’; ‘drug’ is not followed by ‘syndrome’; ‘drug’ has no
predictable relationship with ‘syndrome’), we were able to char-
acterize the modulation of surprise-dependent brain regions as a
function of the nature of the learned relationship.

The Rescorla–Wagner learning rule generates four specific
hypotheses with regard to identifying a brain region that
reflects learning. First, there should be a change in level of
event-related activity across the initial learning period (greater
activation in early trials when every event is unpredictable).
Second, subsequent to learning, events that violate a learned
expectancy should produce activation in a learning-related
region. A third prediction concerns the effects of the type of
causal relationship that has been learned. In the positive con-
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tingency, when the presence of ‘drug’ is a strong predictor of
‘syndrome,’ a surprise event is ‘drug–no syndrome.’ Under a
learned negative contingency, ‘drug–syndrome’ is unexpected.
According to the Rescorla–Wagner rule, these two types of
unexpectedness should induce different adjustments in ∆Vcue.
This follows because although the learning rate parameter α
is determined by the cue, which is consistent under both con-
tingencies, the learning rate parameter β is determined by the
outcome, which differs between contingencies (because the
outcome (‘syndrome’) is present in one case (negative contin-
gency surprise event) but not in the other). In brief, the rule,
supported by behavioral evidence11, predicts a larger learning
change for surprising cue–outcome pairings than for surpris-
ing cue–no outcome pairings. The fourth prediction is relat-
ed to this. Within the setting of the same learned relationship,
the learning engendered by unpredictable events will be mod-
ulated by the configuration of the event. Thus, when a nega-
tive association has been learned by seeing many ‘drug–no
syndrome’ and ‘no drug–syndrome’ pairings, then the two rare
surprise events will be ‘drug–syndrome’ and ‘no drug–no syn-
drome’ pairings. According to the Rescorla–Wagner rule, the
former will have a greater influence upon learning because it
comprises both cue and outcome. Thus, a direct comparison
of these two conditions should also identify learning-related
brain activation.

Our goal was to identify brain regions showing a highly spe-
cific pattern of activation (initially high, reducing with learning,
re-evoked by unexpectedness, predictive of behavioral change).
The subsequent series of analysis showed that right DLPFC met
all of these criteria.

RESULTS
Subjects’ predictive responses show that they were sensitive to
the causal relationship in each case (Fig. 2). In keeping with exist-
ing behavioral data11, the positive causal relationship (‘drug’ is
associated with ‘syndrome’) produced a significantly greater
behavioral effect. In addition, as expected, when there was a vio-
lated expectancy in the setting of a learned negative relation-
ship, subjects were more likely to show a behavioral change
(to predict that ‘drug’ will be associated with ‘syndrome’) on
the next trial than when expectancy was violated in the setting

Fig. 2. Subjects’ predictive tendencies on the three types of asso-
ciative relationship. Behavioral ∆P values (with standard error bars)
calculated as described in Methods section. Plots are averaged
across the 11 subjects. ∆P values for individual subjects at each time
point were calculated on the basis of responses across the 12 pre-
ceding items (during learning) or the 24 preceding items (once
learning was established).
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of a learned positive relationship (p < 0.05). Although subjects
were sensitive to both positive and negative contingencies, the
positive association was learned more strongly and was more
robust in the face of unexpected trials.

With regard to the neuroimaging data (Fig. 3), during the
initial learning phase (across the first 15 trials) BOLD respons-
es in bilateral frontal cortex attenuated quickly. Following
learning, surprise trials of all types (in both negative and pos-
itive contingencies) compared to predictable trials produced
activation of right DLPFC. The same region was also differen-
tially sensitive to surprising outcomes to cues under the neg-
ative and positive contingencies. Evoked responses here were
greater for the unpredicted ‘drug–syndrome’ events in the neg-
ative contingency than for the unpredicted ‘drug–no syndrome’
events in the positive contingency. Finally, the same region was
also differentially sensitive to the two types of unpredictable
events within the negative contingency condition: ‘drug–syn-
drome’ events produced greater right DLPFC activation than
‘no drug–no syndrome’ events, though both were equally rare
and both occurred against the background of the same learned
associative relationship.

DISCUSSION
We identified a region of right DLPFC that uniquely satisfies our
theoretically principled criteria for involvement in learning. The
learning-related attenuation in activation, the recurrence of acti-
vation in response to surprise and the modulation of surprise-
related activation by the nature of the surprising event show that
physiological activation of this region may be accounted for by
associative learning theory.

The finding that bilateral frontal regions were sensitive to
initial learning is consistent with previous studies showing that
activation in areas of frontal cortex decreases and disap-
pears12,13 as tasks become well-learned and automatic. Our
second observation, that right DLPFC is sensitive to unpre-
dictability, is also consistent with previous work14,15. We are
confident for two reasons that higher error rates associated
with unpredictable events do not explain right DLPFC activa-
tion. First, our experimental design included a neutral rela-
tionship condition by which we were able to control for the
non-specific effects of error. Second, the subsequent analyses
compared the effects of different types of surprise events. Error
rates did not differ across these different events and cannot be
invoked to account for the activation differences.

The most specific prediction of the Rescorla–Wagner rule,
and the one that our study was expressly designed to explore at
the functional neuroanatomical level, is that learning effects, as
well as being engendered by surprise, are modulated by the con-
figuration of the surprise event. This effect was seen in our
behavioral data and in the right DLPFC response to surprise.
Of course, it might be argued that the augmented response of
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Fig. 1. Experimental procedure.
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left DLPFC compared to the unprepared state21. Additionally,
subjects with greatest DLPFC activation show the least effects
of subsequent Stroop interference. This observation suggests
a role for DLPFC in control implementation. Our results are
consistent with this and suggest that the changes implemented
in association with DLPFC activation extend beyond the cur-
rent event to subsequent trials. That is, they can be considered
as learning effects: an observation that is consistent with encod-
ing studies showing PFC activation to be predictive of subse-
quent recall success22,23.

Other interpretations of DLPFC activation have been pro-
posed. In a ‘go/no go’ task in which both ‘go’ and ‘no go’ trials
are equally frequent24, bilateral DLPFC activity is greater in
response to ‘no go’ trials than ‘go’ trials, suggesting that activity
reflects response inhibition. However, lateral PFC was not acti-
vated in ‘no go’ trials relative to baseline, and a problem with this
task is that ‘go’ and ‘no go’ trials may be differentiated according
to whether or not a response occurred. In our study, this was not
a problem because the response (common to all events) was a
predictive rather than a reactive one. Thus, it is highly unlikely
that unpredictable trials involved any response inhibition
(because an unexpected event was designated as such by what
occurred after the response had been made).

Non-automatic, novel tasks maximize learning25,26 and the cur-
rent results provide an example of how DLPFC function may con-
tribute to this process. Specifically, activity seems to reflect the way
in which subjects re-evaluate learned relationships or expectan-
cies in response to unpredictability. It has been suggested that
unpredictability is a sine qua non for learning3, and a physiological
correlate of this has been established in dopaminergic neurons of
substantial nigra and ventral tegmentum in macaques5. Unless
outcome violates expectancy, then learning parameters are not
adjusted. We suggest that the pattern of activity observed here in
right DLPFC makes this region a highly plausible candidate for a
key locus of surprise-dependent learning in humans. This view
resonates with the suggestion that a primary function of frontal
cortex is in the provision of bias signals guiding activity in other
brain regions in order to establish mappings between stimuli and

right DLPFC to surprise in the negative relationship occurred
because the overall level of associative strength (as indicated by
subjects’ predictive responses) was less in the negative than the
positive contingency (Fig. 2). However, precisely the same
region showed greater activation in response to ‘drug–syn-
drome’ than ‘no drug–no syndrome’ events when the analysis
was confined to the negative relationship.

Our observation that DLPFC is sensitive to unpredictabili-
ty—but not directly to error—is consistent with views that
relate DLPFC and anterior cingulate cortex function to condi-
tions in which conflict occurs16,17. This has been further
demonstrated in a ‘flanker’ task18,19, wherein a central cue,
governing the nature of a response, is flanked by cues that may
or may not be compatible with it. Anterior cingulate cortex
and right DLPFC are sensitive to a response cue that is incom-
patible with its surroundings and to a configuration that vio-
lates an expectancy based on preceding trials18. It was suggested
that error or conflict detection is associated with anterior cin-
gulate and conflict resolution with lateral PFC activation. Our
data are consistent with this model of the role of lateral PFC.
Moreover, we are able to address a residual ambiguity of such
studies, namely that reported activations may be sensitive to
the relative rarity of the unexpected event. Thus, in this study18,
a ‘conflict’ event was one that had been preceded by a number
of trials of a different type. Could it be that DLPFC is respon-
sive merely to detecting this rarity rather than responding to
the conflict? In our study, the inclusion of different types of
unexpected events (each occurring with the same low fre-
quency) enables us to rule this out.

Our data also support an electrophysiological study of cued
motor responses in patients with lateral PFC damage who show
a normal evoked electrical response to errors but weakened
tendency to use this information to correct errors20. This sug-
gests that lateral frontal cortex is associated not with error-
monitoring/detection but with resultant compensatory
mechanisms. Further evidence for this derives from the obser-
vation that, in the Stroop interference task, alerting a subject
to imminent interference produces a preparatory activation in

Fig. 3. Functional neuroimaging findings.
The unmasked analyses are presented as
maximum intensity projections or ‘glass
brain’ figures, thresholded at p < 0.005,
uncorrected for multiple comparisons.
Details of the activations are given in
Table 1. (a) ‘Glass brain’ figure for analy-
sis testing prediction 1, decreases in
activity during initial learning. (b) ‘Glass
brain’ figure for analysis testing predic-
tion 2, main effects of all unpredictable
events. (c) ‘Glass brain’ figure for analy-
sis testing prediction 3, modulation of
unpredictability-related responses by
type of causal relationship. (d) ‘Glass
brain’ figure for analysis testing predic-
tion 4, effects of different unpredictable
events within the same learning session.
(e) The masked analysis showing activa-
tion common to contrasts 1, 2, 3 and 4,
superimposed upon a representation of a brain rendered into the same stereotaxic space. The accompanying graph shows the size of response (mag-
nitude of parameter estimate (P.E.) from a voxel in right DLPFC for the different types of unpredictable events relative to the background predictable
events) in the two learning conditions. Error bars show the standard error of the parameter estimate size across the subjects. White bars represent
negative contingency; black bars, positive contingency. D, disease; S, syndrome. Thus, the greatest effect occurs in D+/S+ (‘drug–syndrome’) events with
all other events producing significant though lesser effects.
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appropriate responses27. Such signals would be maximized by
unpredictable events and attenuated as predictability was estab-
lished. Because they result in the establishment and consolidation
of new pathways, they would predict a change in subsequent
responses, a suggestion borne out by the results of the current
study. A related though more anatomically specific position is that
a key role of DLPFC lies in the mediation of cross-temporal con-
tingencies28,29. DLPFC subserves processes required when the
nature of a response is contingent upon a retained sensory cue.
These formulations of prefrontal function in terms of an effect on
response bias and cross-temporal contingencies are highly com-
patible with each other and with the results of the current study.

1046 nature neuroscience  •  volume 4  no 10  •  october 2001

METHODS
Twelve right-handed volunteers (6 female) with a mean age of 
29 ± 8.8 years (± s.d.) were scanned. Subjects with a history of psy-
chiatric or neurological illness, or of head injury or substance abuse
were excluded. Participants had a mean predicted IQ of 110 ± 5.8 based
upon the National Adult Reading Test30. The study was approved by
the Addenbrooke’s NHS Trust Local Research Ethics Committee and
written informed consent was obtained from all subjects. One of the
subjects (female) was subsequently found to be insensitive to the psy-
chological manipulation and was excluded from further analysis, leav-
ing data from 11 subjects.

Before entering the scanner, subjects were told that they should
imagine that they were working for a drug company and would be
required to determine the likelihood with which fictitious drugs would
predict fictitious syndromes. For a given ‘drug–syndrome’ pair, they
would be presented with ‘case studies’ and should use this informa-
tion to learn whether the drug was likely to predict the syndrome. For
each case study, they would be informed graphically whether or not
the drug was administered and must then predict whether the syn-
drome would occur. After a couple of seconds, they would be told
whether or not the syndrome occurred and the next ‘case study’ would
then be presented. They must try to use successive case studies to make
their predictions as accurate as possible. They were then given a short
period of practice.

Each subject underwent 3 successive 7-min scanning sessions. When
scanning began, subjects were presented visually with successive ‘case
studies’ (Fig. 1), each requiring a prediction of whether the outcome
(syndrome) would occur on the basis of whether the cue (drug) was
present. Stimuli were presented using DMDX (K.I. Forster and J.C.
Forster, Univ. of Arizona) on a screen placed comfortably within the
subject’s field of view. Each cue was presented for 2 s during which
time the subject indicated their prediction with a button push. The
cue then disappeared to be replaced by an icon representing the pres-
ence or absence of a syndrome and this stayed on the screen for 1.6 s.
The next ‘case’ followed immediately. During each scanning session,
120 cases were presented, of which 25% were unexpected on the basis
of the previous learning. Three fictitious drug names (Dugetil,
Batatrim and Aubina) and three fictitious syndromes (Hamkaoman,
Huxley and Lyndsay) were taken from a behavioral study31. For a sin-
gle session, only information with respect to one drug and one syn-
drome was presented. Across the three sessions, therefore, a subject
was exposed to three different pairings. The nature of these pairings
(that is, which cues occurred with which syndromes and which pairings
were used to illustrate a negative or positive causal relationship) was
counterbalanced across subjects.

Unknown to subjects, each session carried a different causal relation-
ship between cue and outcome. These relationships are expressed in terms
of ∆P:

∆P = P(‘syndrome’ following ‘drug’) – P(‘syndrome’ following ‘no drug’)
(2)

∆P is therefore simply a measure of the extent to which the presence of the
drug alters the probability of the occurrence of the syndrome.

The first relationship was a positive relationship: ∆P = P(‘syndrome’
following ‘drug’) – P(‘syndrome’ following ‘no drug’) = 0.75 – 0.25 =
+0.5. The second was a negative relationship: ∆P = 0.25 – 0.75 = –0.5.
The third was a neutral relationship in which ∆P = 0.5 – 0.5 = 0. Order of
corrections was varied across subjects.

Scanning. Imaging data were collected using a Bruker Medspec (Ettlingen,
Germany) scanner operating at 3 Tesla. 151 T2*-weighted echo-planar
images, depicting BOLD contrast, were acquired in each session (TE, 
27 ms; TR, 3.1 s). Twenty-one slices (each of 4 mm thickness; interslice
gap, 5 mm; matrix size, 128 × 128) per image were acquired. The first 6
EPI images in each session were subsequently discarded to avoid T1 equi-
libration effects, leaving 145 volumes per session. (In two subjects, data
from one of the sessions were lost for technical reasons. In both cases,
the missing data were acquired in the neutral learning condition. The
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Table 1. fMRI activations.

(a) Prediction 1. Decreases in activity during initial learning.
Region Coordinates34 Z score

x y z
R SFG/MFG 38 26 50 3.8

40 28 38 3.1
46 22 48 3.0

6 20 32 3.6
L MFG –46 16 36 3.6

–42 26 30 3.4
R parietal lobe 44 –48 46 3.4
R occipital lobe 46 –78 8 2.7
L putamen –24 –2 8 2.9

(b) Prediction 2. Main effects of all unpredictable events.

R MFG 46 18 42 4.3
52 22 34 3.6

R SFG 22 48 44 2.8
L MFG/IFG –48 6 26 3.5

–50 14 44 3.1
R premotor 
cortex 44 –12 28 3.6
R inferior 
parietal lobe 56 –42 38 3.5
R precuneus 10 –66 20 3.5

(c) Prediction 3. Modulation of unpredictability-related responses 
by type of causal relationship.

R MFG 52 10 34 3.6
40 10 36 2.6

L temporal/ –38 –60 24 3.4
inferior 
parietal lobe –36 –56 34 3.0
Cingulate gyrus/
white matter 26 –36 34 3.0

(d) Prediction 4. Effects of different unpredictable events within the 
same learning session.

R MFG 52 16 44 4.1
40 10 34 3.0
42 42 –8 3.1

L temporal lobe –32 –68 18 3.6

Coordinates of activation foci together with Z scores and an estimate of
where the activations lie in anatomical terms are presented for each of the
four contrasts. The activation foci highlighted in bold type (right DLPFC) are
those which were common to all four contrasts. For completeness, other
activations (including those at lower thresholds, p < 0.01) are reported.
These are provided for information and we refrain from drawing any conclu-
sions about them with regard to associative learning. SGF, superior frontal
gyrus; MFG, middle frontal gyrus; R, right; L, left.
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remaining data for these subjects were used in the subsequent analysis
of learning effects).
Behavioral analysis. A measure of subjects’ evolving causal inference
derives from their predictive responses to cues during scanning. An aver-
age ‘behavioral’ ∆P value for each session was derived from trials occur-
ring after the first 15 events, a number chosen (on the basis of behavioral
piloting) as the minimum at which learning would have been established.
This behavioral ∆P value is based not upon the objective probabilities
but rather upon the probabilities that subjects would predict the syn-
drome given the presence and the absence of the drug. The mean values
for behavioral ∆P in the three conditions—positive relationship, nega-
tive relationship and neutral relationship—were 0.77 ± 0.3, –0.56 ± 0.4
and –0.05 ± 0.5, respectively. The magnitude of effects in the negative
and positive relationship conditions differed significantly (paired t-test,
d.f. = 10, p < 0.05). These data, averaged across sessions, provide only a
broad idea of subjects’ patterns of responses. To provide a clearer indi-
cation of subjects’ behavior, each session was divided into 6 blocks (con-
sisting of 12, 12, 24, 24, 24 and 24 events respectively) and ∆P for each
block was calculated (Fig. 2).

We analyzed effects of unexpected events upon subjects’ re-evaluation
of the learned causal relationship. The effect of the unexpected event was
assessed and compared across negative and positive associative relation-
ships. As predicted, the magnitude of probability change generated by
the average unpredictable trial in the negative relationship (mean ± s.e.m.,
+0.25 ± 0.08) exceeded (paired t test, DF, 10 p < 0.05) that occurring fol-
lowing unpredictability in the positive learning session (mean ± s.e.m.,
–0.09 ± 0.03).

Analysis of fMRI data. All data analysis was done using statistical para-
metric mapping32 in the SPM99 program (Wellcome Department of
Cognitive Neurology, London, UK). This included slice acquisition
time correction, within-subject image realignment, spatial normal-
ization to a standard template33 (C.A. Cosoco et al., Neuroimage 5,
S425, 1997) and spatial smoothing using a Gaussian kernel (8 mm full-
width at half-maximum).

The time series in each session was high-pass filtered (to a max-
imum of 1/120 Hz). Events were designated as occurring at the presen-
tation of the outcome stimulus. Four event types were modeled:
‘drug–syndrome,’ ‘no drug–syndrome,’ ‘drug–no syndrome’ and ‘no
drug–no syndrome.’ In the case of the negative relationship, ‘drug–syn-
drome,’ and ‘no drug–no syndrome’ were the unexpected events. In the
case of the positive relationship, ‘drug–no syndrome’ and ‘no drug–syn-
drome’ were unexpected. The other events in each case formed the
expected events with which these were contrasted. In the neutral condi-
tion, each of these event-types was modeled along with a specification
as to whether it had been correctly or incorrectly predicted. For each of
the sessions, the first 15 events were designated as the learning phase and
defined by their own partition in the design matrix.

The average hemodynamic responses to each event type were mod-
eled using a canonical, synthetic hemodynamic response function10. This
function was used as a covariate in a general linear model and a para-
meter estimate was generated for each voxel for each event type. The
parameter estimate, derived from the mean least squares fit of the model
to the data, reflects the strength of covariance between the data and the
canonical response function for a given condition. Individuals’ contrast
images, derived from pair-wise contrasts between parameter estimates
for different events, were taken to a second level group analysis in which
t-values were calculated for each voxel treating inter-subject variability
as a random effect. The t-values were transformed to unit normal Z dis-
tribution to create a statistical parametric map for each of the planned
contrasts. Contrasts were thresholded at p < 0.001, uncorrected for mul-
tiple comparisons. An uncorrected threshold was chosen as the serial
masking procedure makes whole brain corrections inappropriate.

Contrasts. Prediction 1 was that activity in learning-related areas would
decrease during initial learning. Learning across the initial 15 trials
was modeled as a linear decrease in magnitude of evoked response
from the first trial (in which learning should be maximal) to the fif-
teenth, in which a high level of predictability should engender minimal
learning (Table 1a, Fig. 3, regions showing such a linear attenuation).

They are right and left dorsolateral PFC, occipital and parietal cortex
and left putamen. Results of this analysis were used as a ‘mask’ within
which we explored the effects of unpredictable events occurring dur-
ing the remaining 105 trials.

Prediction 2 was that learning-related regions should show main effects
of all unpredictable events. Across both positive and negative learning
sessions, unpredictable events were contrasted with predictable events.
Acknowledging that this comparison is partly confounded by correct ver-
sus incorrect predictions, we attempted to remove the nonspecific
responses to error-related feedback by introducing data from the zero-
learning contingency into the interaction. Thus, the contrast was set up
as follows: (‘unexpected’ versus ‘expected’)NEG+POS versus (‘incorrect’
versus ‘correct’)NEUTRAL. The only area of overlap with the first contrast
above is right DLPFC (Table 1b, Fig. 3).

Prediction 3 was that in learning-related regions, unpredictability-
related responses would be modulated by the type of causal relationship.
We characterized regions in which the response to unpredictable
(‘drug–syndrome’) events in the negative contingency was greater than
the response to unpredictable (‘drug–no syndrome’) events in the posi-
tive contingency. The masked analysis showed overlap with the first and
second comparisons in right DLPFC (Table 1, Fig. 3).

Prediction 4 was that, in learning-related regions, different unpre-
dictable events have different effects within the same learning session.
The fourth contrast explored the differences between these two types of
events solely within the negative contingency learning session. In this
session, both ‘drug–syndrome’ and ‘no drug–no syndrome’ events were
surprising and occurred with equal rarity. Differences in BOLD respons-
es evoked by these two types of event were found, within the masked
region, in right DLPFC (Table 1, Fig. 3).
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